Radiolabeled tracers can provide valuable information about the structure of and flux distributions in biocatalytic reaction networks. This method derives from prior studies of glucose metabolism in mammalian systems and is implemented by pulsing a culture with a radiolabeled metabolite that can be transported into the cells and subsequently measuring the radioactivity of all network metabolites following separation by liquid chromatography. Intracellular fluxes can be directly determined from the transient radioactivity count data by tracking the depletion of the radiolabeled metabolite and/or the accompanying accumulation of any products formed. This technique differs from previous methods in that it is applied within a systems approach to the problem of flux determination. It has been used for the investigation of the indene bioconversion network expressed in Rhodococcus sp. KY1. Flux estimates obtained by radioactive tracers were confirmed by macroscopic metabolite balancing and showed that indene oxidation in steady state chemostat cultures proceeds primarily through a monooxygenase activity forming (1S,2R)-indan oxide, with no dehydrogenation of trans-(1R,2R)-indandiol. These results confirmed the significance of indan oxide formation and identified the hydrolysis of indan oxide as a key step in maximizing the production of (2R)-indandiol, a chiral precursor of the HIV protease inhibitor, Crixivanw.
Rational improvement of cellular properties through metabolic engineering requires detailed knowledge of cell physiology, in particular as expressed by fluxes and flux distributions through key intracellular pathways. Metabolic flux analysis provides a framework for determining pathway fluxes from the stoichiometry of the pathway reactions in combination with extracellular metabolite measurements [1] [2] [3] . Rates of metabolite consumption and production, conveniently measured in chemostat experiments, usually provide the necessary information to calculate the fluxes. Batch and fed-batch systems have also been used occasionally. This framework has been applied to many biological systems, such as lysine production in Corynebacterium glutamicum [4, 5] , and central carbon metabolism in Escherichia coli [6 -9] , yeast [10, 11] , hybridoma cells [12] [13] [14] , and organ tissue [15] , among others.
Metabolic flux analysis can be further enhanced with the inclusion of additional measurement techniques providing more detailed flux information than that embedded in typical extracellular metabolite data. Such information is particularly important for the study of underdetermined systems, which occur when the number of unknown fluxes exceeds the number of available flux measurements and metabolite balances [2] . This is usually the case with highly interconnected networks or networks comprising metabolic cycles [16] . The basis of such measurement methods is the use of isotope labels. For example, 13 C-labeling can yield flux information from carbon enrichment measurements obtained by NMR spectroscopy as has been amply demonstrated in bacterial cultures [17] [18] [19] [20] , mammalian cell cultures [21 -24] , organ tissue [25] [26] [27] [28] [29] , and erythrocytes [30, 31] . Results from 13 C-tracer experiments have also been used to confirm flux estimates obtained through material balances [13, 32] . Additionally, the quantitative use of GC-MS for flux determination from the measurement of mass isotopomers of various metabolites holds great promise for more detailed flux and metabolic network analysis [33] .
For bioreaction networks in which there is no alteration of the metabolite carbon structure, direct determination of a metabolic flux can be accomplished using a radioactive isotope tracer. We describe this method here. The general approach is similar to the bolus-injection (impulse) technique developed for the study of glucose metabolism in mammalian systems [34] [35] [36] . In these studies, labeled glucose was injected intravenously in rats, dogs, humans, and cows, and radioactive kinetic data was used to calculate the rate of plasma glucose absorption. Networks of bioconversion reactions can be similarly analyzed. By pulsing a radiolabeled substrate and/or pathway intermediate(s) into a sample of microbial culture, uptake and intracellular fluxes can be determined from transient intensity measurements of the radiolabeled substrate and its products. As radioactive compounds can be measured with high sensitivity relative to stable isotope tracers, only trace amounts are required to probe cell physiology. Thus, the perturbation of the cellular state under analysis is minimized. These measurements are extremely valuable in a systems approach to bioreaction network analysis that studies multiple reactions simultaneously within a single mathematical framework, in contrast with previous work that generally focused on a single reaction. The tracer measurements can be used for: (a) confirming flux estimates obtained from extracellular metabolite measurements; (b) allowing full flux determination in those cases that cannot be resolved by extracellular measurements alone; and (c) validating the structure of a bioconversion pathway.
In this study, radiolabeled tracers were applied to a model bioconversion network of enzymatic reactions expressed in Rhodococcus. Several strains (such as Rhodococcus sp. I24, see Fig. 1 ) were isolated that contain the enzymatic machinery for converting indene to indandiol (an intermediate in the production of (-)-cis-(1S,2R)-1-aminoindan-2-ol [( -)-CAI]), a key precursor in the synthesis of Merck's HIV protease inhibitor, Crixivanw [37, 38] . In general, biocatalysis is advantageous for the synthesis of chiral compounds over traditional synthetic chemistry methods because the latter often yields racemic mixtures that require costly separations of the enantiomeric components. Extensive chemostat studies carried out with I24 yielded a new strain, Rhodococcus sp. KY1, with drastically improved bioconversion characteristics by virtue of oxidizing indene to fewer undesired products relative to I24 as elucidated from Stephanopoulos, unpublished results). This network comprises oxygenase enzymes that convert indene to indan oxide and indandiol through monooxygenase and dioxygenase enzyme activities, respectively. The cis-indandiols are further converted to 1-keto-2-hydroxy-indan through dehydrogenase enzymes. Material balancing alone is not sufficient to determine all of the intracellular fluxes in the KY1 network. This requires additional flux information to be gathered using radiolabeled tracers for the complete elucidation of the network.
We present here a method for flux determination using 14 C-tracers, along with results demonstrating the relative importance of the KY1 enzymes in the formation of (2R)-indandiol products. Such information is useful in defining targets for genetic modification to engineer strains with improved biosynthesis of (2R)-indandiol. In its present form, the KY1 bioconversion network contains an oxygenase reaction that converts indene to the undesired cis-(1R,2S)-indandiol enantiomer and a dehydrogenase reaction further converts the desired cis-(1S,2R)-indandiol product to racemic 1-keto-2-hydroxy-indan byproduct. Undesired pathways with significant relative fluxes should be the primary targets for genetic knockouts as they will have the greatest impact on increasing product yield. [38] . Rhodococcus sp. SQ1(pR4) was obtained by transforming SQ1 with I24 cosmid DNA containing the nidABCD genes [39] . Working colonies of B264-1 and SQ1(pR4) were grown and maintained on Luria -Bertani plates streaked from frozen stocks stored at 280 8C.
M A T E R I A L S A N D M E T H O D S
Cell lysates were prepared by collecting cells from the chemostat outlet and centrifuging at 27 000 g. The supernatant was removed and the cells were washed in lysis buffer at pH 7.6 containing 100 mM Hepes, 10% glycerol, 0.2 mM 2-mercaptoethanol, and two tablets per 50 mL of protease inhibitor cocktail (Complete, EDTA-free, Boehringer Mannheim, GmbH, Germany). The cells were centrifuged and resuspended in lysis buffer. The cell suspensions were then passed through a prechilled French press at 16 000 p.s.i. three times. an ethanol solution (29 mCi, 425 mCi : mg 21 , in 7 mL of ethanol, . 99.6% radiochemical purity by HPLC). (Fig. 3) [43] . The selective epoxidation yielded material of < 80% enantiomeric excess that was upgraded to 98% enantiomeric excess via chiral prep-HPLC purification following filtration on crude silica (Chiralcel OB, 20 Â 250 mm, hexane/ethanol, 95 : 5). The elution buffer was run isocratically at 0.8 mL : min ]indene with different Rhodococcus strains. KY1 was used to synthesize trans-(1R,2R)-indandiol, B264-1 was used to synthesize cis-(1S,2R)-indandiol, and SQ1(pR4) was used to synthesize cis-(1R,2S)-indandiol. One-milliliter precultures were prepared from the working cultures of each strain, and were used to inoculate two 250-mL shake flasks for each strain containing 25 mL of complex medium [38] . The cultures were grown overnight, and 0.5 mCi of [ . The dilution rate (based on the medium feed flow rate) and indene air feed concentration were maintained at constant levels until the culture reached steady state. The steady state was defined as being when constant biomass and indene metabolite concentrations (within 5% relative error) were achieved for at least four residence times.
Synthesis of [

Reverse-phase HPLC assay for 14 C-labeled metabolite experiments
Reverse-phase HPLC was used to separate the indenederived metabolites, obtain radioactive counts of labeled metabolites and measure the metabolite concentrations during the 14 C-transient experiments. Two-hundred-microliter samples from the shake flask were placed into 200 mL of a 1 : 1 (v/v) mixture of acetonitrile and isopropyl alcohol. The microtubes containing this mixture were centrifuged to pellet the cells. The supernatant was filtered using 0.2 mm poly(vinylidene difluoride) 13 mm syringe filters (Alltech, Deerfield, IL, USA) into an HPLC sample vial. Ten microliters of the filtrate was injected into an HPLC system (Hewlett Packard Series 1050, San Fernando, CA, USA) equipped with a Zorbax RX-C8 column (4.6 mm Â 25 cm) (Hewlett Packard). The HPLC protocol was followed as described previously [37] . The chirality of the cis-indandiol was determined using a normal phase HPLC Chiralpak AD column (Chiral Technologies, Inc., Exton, PA, USA) as described previously [38] . The UV detector was used to quantify the concentrations of each unlabeled metabolite pool for each time point in the radioactive counts. For the 1 mL : min 21 flow rate through the HPLC, 3 mL : min 21 of liquid scintillation cocktail (Ultima-Flo M, Packard Instrument Co.) was mixed in the analyzer. The peaks for each radioactive metabolite detected in the chromatogram were integrated, and the total accumulated counts were reported.
Indan oxide hydrolysis experiments
One milliliter of KY1 cell lysate was placed in a 5-mL screw-cap vial and 4.3 mL of the [ 
Intracellular concentration measurement
The protocol for determining cell volume was adapted from a method described previously [44] . This procedure was verified by measuring the cell volume of Corynebacterium glutamicum. Clement et al. [45] reported a cell volume of 1.76^0.20 mL per mg per dry cell weight while a cell volume of 2.22^0.03 mL per mg per dry cell weight was measured using the procedure from [44] . The protocol for isolating the intracellular metabolites was adapted from a method described previously [46] . The intracellular amounts were measured using reverse-phase HPLC.
Model of tracer labeling dynamics
The approach followed here to determine intracellular pathway fluxes is similar to that applied previously in the study of human metabolism in vivo [47] . It is noted that an important distinction of the indene bioreaction system (Fig. 1) is that it is decoupled from primary carbon-energy metabolism in terms of carbon flux by supplying a separate glucose feed as a carbon source, as indene is not used by these Rhodococcus isolates for this purpose; additionally, indene cannot be synthesized from glucose as indicated by indene metabolite balancing. Indene bioconversion can thus be conceptualized as occurring in a single pool where the indene molecules are converted by the action of the various oxygenase and dehydrogenase enzymes depicted in Fig. 1 . The steady state flux, J, forming and depleting any such metabolite M (Fig. 4A) can be determined by probing the metabolite pool with a pulse of radioactive tracer of the corresponding metabolite, M* (in M). Assuming the system remains at steady state in the course of the experiment, the pool of intracellular M* will change according to:
where X is the biomass concentration. For constant (steady state) M and J, Eqn (1) can be integrated to give:
The above equation allows the determination of the unknown flux J from (a) the slope of the semilog plot of the normalized radioactivity counts vs. time and (b) the total metabolite pool concentration, M. This is a general expression for flux determination that is valid when metabolites are directly pulsed into the cells. To consider membrane transport, the culture is modeled as a twocompartment system depicting an intracellular pathway along with fluxes for the uptake (J M up ) and excretion (J M exc ) of metabolite M (Fig. 4B) . Assuming that the transport of labeled (M*) and unlabeled (M ) metabolites are indistinguishable, the balance equations for the intracellular (M* in ) and extracellular (M* ex ) pools of labeled metabolite can be written as in Eqns (3) and (4), respectively.
If one further assumes that rapid equilibrium across the cell membrane is reached and that there is no distinction between the partitioning of labeled and unlabeled metabolites across the membrane (i.e. the same partition coefficient l), the following linear relationships can be written between the intracellular and total metabolite concentrations:
Under these conditions, Eqn (5) can be simplified to:
Assuming constant J and M tot (steady state), integration of Eqn (8) yields the following relationship for the metabolite flux in terms of the transient total labeled metabolite counts:
The above equation suggests that the flux can be determined from the slope of a semilog plot for the fraction of the total remaining labeled metabolite in the culture vs. time. Additionally, the measurements of the biomass and total metabolite concentrations, X and M tot , are required. The linearity of the semilog plot provides confirmation of the assumptions made in the derivation of Eqn (9). This approach was applied to the investigation of the indene bioconversion network by probing the pools of cis-(1S,2R)-indandiol, cis-(1R,2S)-indandiol, and trans-(1R,2R)-indandiol with the corresponding radioactive compounds to determine the dehydrogenase fluxes depleting these pools. Similarly, probing with radiolabeled indene and indan oxide yielded estimates of the oxygenase and epoxide hydrolysis fluxes, respectively.
R E S U L T S Metabolite concentrations remain constant during labeling
To verify that the introduction of radiolabeled probe did not significantly alter cell physiology in the course of the labeling experiment, the intracellular indene metabolite concentrations were measured for the duration of the assaying procedure. All concentrations were relatively constant for the first 50 min, indicating that steady state conditions were maintained and that the assaying procedure did not materially alter the metabolic state of the cells. The steady state intracellular concentrations were as follows (^10 mg : L Cell density and total metabolite concentrations were also measured. No growth was observed for the first 30 min of the assaying procedure. The total metabolite concentration profiles are shown in Fig. 5 . The trans-indandiol, cis-indandiol, 1-keto-2-hydroxy-indan, and indan oxide concentrations (Fig. 5A) were constant for the first 60 min of the procedure. In contrast to these downstream metabolites, the (mainly extracellular) indene concentration changed significantly and was depleted after 60 min (Fig. 5B) . Approximately 3 mg : L 21 of the initial indene concentration of 15 mg : L 21 was derived from the [ 14 C]indene pulse. As no additional indene was added to maintain this concentration, this residual amount was rapidly depleted from the medium.
Rapid equilibrium of added [ 14 C]diols
The partition coefficient l, as defined in Eqns (6) and (7), was determined by adding [ 14 C]diols to the culture and measuring the intracellular and total concentrations of labeled and unlabeled diol. This coefficient was found to be constant over the entire 120 min of the assay procedure, with the first sample taken approximately 30 s after addition of the radiolabeled pulse, and was 0.78^0.15 for unlabeled diols and 0.77^0.11 for labeled diols. This provides support for the assumption of equal partitioning of labeled and unlabeled metabolites and rapid equilibrium of the labeled metabolite across the cell membrane. (Fig. 6A) . The sum of all of the counts was constant for the duration of the assay procedure indicating that all major products of the indene bioconversion were detected by HPLC. Figure 6B shows the transients following the introduction of [ 14 C]cis-(1S,2R)-indandiol for probing the corresponding dehydrogenase activity. Accumulation of 1-keto-2-hydroxyindan was detected 5 min after introduction of the probe.
Conversion of the [
14 C]cis-(1R,2S)-indandiol tracer to 1-keto-2-hydroxy-indan was not detected until 50 min into the experiment, and only about 6% of the tracer was depleted (Fig. 6C) . No conversion of [ 14 C]trans-(1R,2R)-indandiol was observed after 3 days of incubation with the culture (Fig. 6D ). To account for any possible transport limitations through the cell membrane, the same [ 14 C]diol conversions were carried out with KY1 cell lysates (data not shown). Similar results were obtained in that cis-indandiol was slowly converted to 1-keto-2-hydroxy-indan, while trans-indandiol was not. We conclude from these results that there was no significant trans-(1R,2R)-indandiol dehydrogenase activity present in the KY1 strain. Figure 6E shows the dynamics of [ 
Flux determination
Total metabolite counts were plotted as suggested by Eqn (9) for the first 30 min following the introduction of the radioactive probes. Semilog plots of the normalized radioactive counts of three metabolites are shown in Fig. 7 along with the corresponding results of linear regression. Good linear fits are observed for all metabolites. Using the initial indene concentration (6.4 mg : L
21
) and steady state biomass concentration in the chemostat (3.7 g dry cell weight per L), the indene uptake rate was estimated at 54^5 mmol : h 21 : g 21 dry cell weight. The fluxes of two other reaction steps depicted in the KY1 network (Fig. 1) were similarly determined and are summarized in Table 1 . No significant difference was observed between the slopes of the semilog plots of indan oxide depletion by cells (Fig. 7C ) and cell-free supernatant (Fig. 7D) , or between active and inactive cell lysates (data not shown). This evidence suggests that KY1 does not contain epoxide hydrolase activity catalyzing the enzymatic hydrolysis of indan oxide. Hence, the rate constant reported in Table 1 can be used to describe the nonenzymatic hydrolysis rate for any steady state. This rate is within the uncertainty of the value independently determined using metabolite excretion and uptake rates with the direct measurement of the cis-(1S,2R)-indandiol dehydrogenase flux within the context of flux analysis of the indene bioconversion network (55^3 mmol per h per g dry cell weight).
Flux confirmation by metabolite balancing
The indene uptake fluxes determined using 14 C-tracers were validated independently with fluxes derived from metabolite balances applied to extracellular chemostat metabolite measurements. To this end, the indene uptake rate was determined by two additional methods: (a) from the difference between the indene concentrations at the feed and exit lines of the reactor, and (b) by summing the residual concentrations of all indene metabolites in the chemostat (D. E. Stafford, K. S. Yamaguchi, P. A. Lessard, S. K. Rijhwani, A. J. Sinskey & G. Stephanopoulos, unpublished results). These rates are summarized in Table 2 for the two steady states obtained with a dilution rate of 0.065 h 21 and two different indene feed rates. Their agreement provides further support for the tracer method for determining fluxes.
Flux confirmation using a first-order kinetic model
For the KY1 pathway (Fig. 1) , steady state mass balances can be written for each metabolite pool, as shown in Table 3 . The fluxes (J i ) in the KY1 indene bioconversion network can then be calculated using these balances, the metabolite production rates (r i ) determined from chemostat steady state concentration measurements, and the cis-(1S,2R)-indandiol dehydrogenase flux (J RDH ) determined from the 
where As shown in Fig. 5 , the total metabolite concentration for all metabolites except indene were constant for the first 60 min of the assay procedure. With the expression of Eqn (11), the reaction rate constants k i can be determined from the flux estimates calculated independently through material balancing and the corresponding metabolite pool concentrations. The dynamics of [ 14 C]indene oxidation through the KY1 indene bioconversion network can then be predicted using these reaction rate constants from the integration of the dynamic metabolite balance Eqns (12 -17) :
It is noted that as the indene concentration, [I tot ], is not constant through the course of the assaying procedure (Fig. 5B) , this first-order kinetic model is only satisfied for Table 3 . Steady state metabolite balances for the KY1 indene bioconversion network.
Metabolite pool Balance equation
Indene . relatively low concentrations of the indene substrate (for other symbols, please see Fig. 1 ). The predictions of this first order model were compared to the [ 14 C]indene pulse experimental data (Fig. 9) . The agreement between the experimental data and the predicted profiles validates the estimated flux results and demonstrates further utility of the radiolabeled tracers as tools for flux analysis.
D I S C U S S I O N
This work has shown that radiolabeled tracers are a valuable aid in the characterization of complex bioconversion networks. 14 C-Labeled tracers are particularly useful for systems in which there is no alteration of the carbon skeleton. Fluxes can be determined directly from transient 14 C-tracer experiments because of the high sensitivity in quantifying labeled compounds by HPLC and liquid flow scintillation counting. The 14 C-tracer experiments are short-term, simple to carry out and require only linear regression analysis of the data. For reliable flux estimation using this method, key assumptions about the system being studied must be verified: (a) the organism must be able to take up the radiolabeled molecule; (b) the radiolabeled pulse does not perturb the steady state of the culture; (c) the culture remains at a steady state for the duration of the experiment; (d) if a metabolite concentration changes with time, its concentration must be significantly below the K m value of the enzyme being studied; and (e) the reaction under analysis is irreversible.
The first assumption should obviously be true for the precursor substrate with any organism, but must be verified for intermediate pathway metabolites. The second assumption is generally met when the material added by the pulse is only a small fraction of the unlabeled metabolite pool. Assumption (c) depends on the kinetics of the pathway enzymes and should be verified by measuring the intracellular concentrations during the experiment. The duration of the experiment may need to be shortened if there are significant changes in concentration. Otherwise, assumption (d) may be applied if there are only trace amounts of the desired metabolite present. If assumption (e) is not valid, the analysis of tracer data becomes considerably more complex. However, the irreversibility of a given reaction is verifiable both through the tracer experiments described here and using redundant measurements and metabolite balancing in the context of metabolic flux analysis.
The additional assumption of rapid equilibrium of the radiolabeled metabolite across the cell membrane allows for simplification of the experimental protocol as it eliminates the need for intracellular residual metabolite measurements. This assumption depends on the cell's transport mechanisms for the metabolites. If an active transport mechanism is present, rapid equilibrium should be a reasonable assumption. If only passive transport occurs, the transport kinetics must be significantly faster than the bioconversion enzyme kinetics. For bioconversion of aromatic substrates, the transport is frequently passive and fairly rapid through the cell membrane (due to its hydrophobic nature) although active transport has also been shown to occur [48] .
Radiolabeled tracers can also be used to study the effects of culture conditions on key pathway enzymes. For the KY1 indene bioconversion, radiolabeled tracers permitted the quantification of the inhibitory effect that trans-(1R,2R)-indandiol and 1-keto-2-hydroxy-indan have on the indene monooxygenase activity (unpublished data). Results showed that both metabolites significantly inhibit the monooxygenase enzyme at concentrations as low as 1.0 g : L 21 . The pathway fluxes yielded useful information about the bioconversion pathway structure: First, KY1 is phenotypically different from its parent, I24, and the [ 14 C]indene probing experiments demonstrated that KY1 lacks the dioxygenase enzyme activity present in I24 that is responsible for conversion of indene to cis-(1S,2R)-indandiol and 1-indenol (D. E. Stafford, K. S. Yamaguchi, P. A. Lessard, S. K. Rijhwani, A. J. Sinskey & G. Stephanopoulos, unpublished results). Second, the primary pathway of indene oxidation in KY1 is through the monooxygenase enzyme that is responsible for converting over 94% of the indene taken up to (1S,2R)-indan oxide (Fig. 8) . Indan oxide is hydrolyzed to both trans and cis diastereomers of (2R)-indandiol, both of which are suitable precursors for the synthesis of (-)-CAI. However, the cis-(1S,2R)-indandiol is further degraded to racemic 1-keto-2-hydroxy-indan, wasting approximately 25% of the total indene consumed. Third, the KY1 bioconversion network lacks trans-(1-R,2R)-indandiol dehydrogenase and epoxide hydrolase activities. Integrating this additional knowledge about the KY1 bioconversion network allows the identification of promising candidate targets for genetic modification to increase the (2R)-indandiol product yield. One such target is the introduction of an epoxide hydrolase activity alone or in combination with a knockout of the dioxygenase and cis-(1S,2R)-indandiol dehydrogenase. This strategy would direct the hydrolysis reaction towards the formation of trans-indandiol and thus minimize (or eliminate) the formation of the 1-keto-2-hydroxy-indan byproduct. Indeed, the transformation of KY1 with the limA gene encoding for an epoxide hydrolase from R. erythropolis DCL14 increased the selectivity of indene oxidation toward trans- We note that the trans-(1R,2R)-indandiol and 1-keto-2-hydroxy-indan are also inhibitory to the monooxygenase enzyme. Thus, the monooxygenase is a candidate for overexpression and directed evolution to remove product inhibition effects. The dioxygenase pathway plays only a minor role in indene bioconversion. Metabolic Engineering. Academic Press, San Diego.
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